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Abstract 
The foam manufacturing technique known as sintering and dissolution process (SDP) is applied to fabricate open-cell 
Ag foams with multi-level porous structure from Ag2SO4 substance. Initially, the tetragonal bipyramid Ag2SO4 is 
partially reduced, in the mixture of glycerol mixed with sodium hydroxide as reducing agent and reaction accelerator, 
respectively, to produce thin layer of fine aggregated Ag particles on the surface of Ag2SO4. The residual Ag2SO4 is 
then removed by ammonia dissolution after sintering of powder compacts, thereby leaving hollow tetragonal 
bipyramid shape of Ag in struts of foam structure. The resulting Ag foams exhibit unique microstructure and 
mechanical properties. 
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1. Introduction 
Recently, open-cell metallic foams have been attractive to both academia and industry. They have 
found a wide variety of functional applications, such as heat exchanger, filter and catalytic support, due to 
their specific properties and penetrable structure, such as high oxidation resistance, large internal surface 
area and excellent anti-microbial activity [1]. Open-cell metallic foams can be manufactured through 
either liquid or solid processing route. In liquid route, replication process of investment casting using 
open-cell polyurethane foam as a preform is a typical method [2-3]. Methods as sintering and dissolution 
process (SDP), liquid-state sintering are commonly applied in solid route and mostly involve powder 
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metallurgy [4-5]. The advantages of solid-based process over the liquid route are the possibility to 
produce from almost all metals, more varieties of alloying, better uniform structure and easy handling of 
materials. 
Among the solid-based methods, SDP technique has a potential to be adopted widely in industry. It has 
economical production cost and can produce open-cell foams with high precision and uniform distribution 
of pore size and shape [5-6]. Controlling of pore architecture and porosity can be easily implemented by 
selecting appropriate space holder. The process of SDP starts by taking the compacted specimens from 
the powder mixture of Al and NaCl space holder, followed by removing NaCl after sintering through 
water dissolution. 
Although SDP is proven to be attractive, but using NaCl as space holder can lead to corrosion problem 
and decreasing mechanical properties if residual NaCl is not completely removed from foam structure [7]. 
Other space holder materials, such as carbamide  and disaccharide, have been proposed and reported to 
produce good pore structure [8-9]. However, carbamide is soft and reactive. It tends to deform during 
compaction process and this will change pore architecture from the original one. 
In this research work, the tetragonal bipyramid pores of Ag foam were produced applying SDP method 
using disaccharide as space holder. Sub-porosity with tetragonal bipyramid shape in foam struts was 
created from partial reduction of Ag2SO4 powder. Microstructure and mechanical properties of Ag foams 
were also examined.
2. Experimental procedure 
To produce tetragonal bipyramidsilver sulphate (Ag2SO4) particles, pure silver sulfate powders was 
dissolved in 96 sulfuric acid (H2SO4) at 50qC and reacted with 0.1 M sodium hydroxide (NaOH) 
solution. After the reaction, tetragonal bipyramid Ag2SO4 particles were collected and dispersed in the 
solution of 100 g NaOH in 1000 ml glycerol with the molar ratio between Ag2SO4:NaOH = 1:2, in order 
to partially reduce the particles, resulting in a formation of thin porous silver layer on the particles. The 
suspension was constantly stirred at 500 rpm and held at 60qC for 60 min. The obtained particles were 
separated from the suspension by using filter, washed several times with absolute ethanol and pure water, 
and dried at 110qC for 60 min. The quantity of aggregating Ag particles which cover the surface of 
particulate Ag2SO4 can be measured by weighing Ag, after complete removal of Ag2SO4, in comparison 
with the weight of Ag2SO4. The schematic process of powder preparation is presented in Fig. 1. 
The identification of all powders was performed by X-ray diffraction (XRD, Rigaku Tirex 3 power 18 
kW) using Cu KĮ radiation at the scan rate of 0.02º/s. The morphology and the particle distribution of the 
powders were determined by JSM-6400 JEOL scanning electron microscope (SEM). The particle sizes of 
powders (Ag2SO4 and reduced Ag2SO4) were measured from SEM micrographs. 
To produce open-cell Ag foams, partially reduced Ag2SO4 particles were homogeneously mixed with 
disaccharide space holder by 50 %vol., using rocking mill. The mixture powders were uniaxial compacted 
with hydraulic press at 210 MPa to produce cylindrical specimens (d=11 mm and H=11 mm). The 
disaccharide was eliminated by dissolution in water at ambient temperature for 300 min. The specimens 
were sintered at 600qC for 300 min, to strengthen Ag matrix network and to completely remove any 
residual disaccharide. After sintering, the specimens were dissolved in 25% NH4OH solution for 300 min 
to remove the residual Ag2SO4, resulting in formation of tetragonal bipyramid pores in foam struts. The 
relative density of Ag foams was calculated by measuring diameter, height and weight of foam 
specimens, and compared with the density of pure Ag. This method is commonly used to find the relative 
density of open-cell metal foam [5]. 
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Fig.1. Schematic diagram of the synthesis process of partially reduced silver sulfate 
The foam specimens were half-sectioned along vertical axis, using electro discharge machining 
(EDM). The microstructure of Ag foams was analyzed using JSM-6400 JEOL scanning electron 
microscope (SEM). The pore size of the foams was measured from SEM micrographs. The compression 
test was conducted using Instron universal tension machine (UTM) at a constant cross head speed of 0.3 
mmmin-1. The tested specimens were compressed to 60% strain. 
3. Results and discussion 
Fig. 2 shows the morphology of pure Ag2SO4 and partially reduced Ag2SO4 particles. The pure 
Ag2SO4 have a mean particle size of approximately 75±10 μm with a shape of tetragonal bipyramid and 
smooth surface. The partially reduced Ag2SO4 have the size and shape replicated to the pure Ag2SO4. It 
can be seen that the surface of reduced particle is covered with thin porous Ag layer, which was caused 
by the reduction process. Growth and continuous precipitation of fine Ag particles resulted in a unique 
surface morphology of reduced Ag2SO4 particles. The thickness of Ag layer is varied and can be 
controlled through reduction temperature and holding time. The fraction weight of Ag to unreacted 
Ag2SO4 core is estimated at 60:40.
 
    
Fig. 2. The morphology of (a) pure Ag2SO4 and (b) partially reduced Ag2SO4 particles 
(a) Pure Ag2SO4 (b) Partially reduced Ag2SO4
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The XRD patterns of Ag2SO4, Ag2SO4 with Ag skin and metallic Ag are shown in Fig. 3. The patterns 
exhibit the diversity in peak intensity and width. It was found that the Ag2SO4 with Ag skin composes of 
sharp peaks of both Ag2SO4 and Ag. This confirms that the reduction process of Ag2SO4 particles at 
particular temperature and time created porous Ag layer on the surface of Ag2SO4. The examination also 
shows that the resultant Ag has the FCC crystal structure. 
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Fig. 3. XRD patterns of Ag2SO4, Ag2SO4 with Ag skin and metallic Ag 
Fig. 4 shows the disaccharide particles. The particles are a typical refined white sugar, commonly 
found in houses and restaurants. The shape of particles is clearly polygonal with flat surface. The particles 
have a mean size of approximately 250 μm. 
 
 
Fig. 4. The morphology of disaccharide particles 
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The pore structure of Ag foam, which comprises both macropores and micropores, is revealed in Figs. 
5 and 6. From Fig. 5, it is clear that the foam has open porosity and the distribution of macropores is 
uniform. The shape and size of macropores are replicated from disaccharide particles, as shown in Fig. 4. 
The macropores were formed through the dissolution of disaccharide particles. It also can be seen that 
struts, which separate macropores and support the foam structure, are not dense, but porous, containing 
micropores with tetragonal bipyramid shape and irregular one, as shown in Fig. 5b. These micropores are 
observed to have a uniform distribution throughout the foam structure. As a consequence of reduction and 
dissolution, micropores were formed after removal of the partially reduced Ag2SO4 particles and became 
a part of foam struts. They are well interconnected, constructing small channels between themselves and 
macropores obtained from disaccharide. It is also observed that some micropores were deformed. It is 
likely that with high pressure during compaction process the tetragonal bipyramid shape of Ag2SO4 
cannot be sustained. 
 
    
Fig. 5. The cellular structure of Ag foam, showing (a) macropores and (b) micropores with tetragonal bipyramid shape in a strut 
Fig. 6a presents a high magnification view of micropore with tetragonal bipyramid shape embedded in 
a strut. It is clear from the figure that the micropore is well replicated from Ag2SO4 particle. Fig. 6b 
shows the surface morphology of struts. The strut surface is rough, consisting of fine nodules of irregular 
shape. The nodules are the Ag particles on the surface of Ag2SO4 that were not completely merged after 
sintering. However, this creates very fine pores and channels in foam structure, contributing to an 
increase in large surface area of foam. 
 
 
(a) (b)
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Fig. 6. (a) a micropore replicated from tetragonal bipyramid Ag2SO4 and (b) the surface morphology of struts
The engineering stress-strain plot of open-cell Ag foam with porosity of 80% is shown in Fig. 7. The 
foam shows a similar compressive stress-strain behavior to other open-cell metallic foams with high 
porosity [8, 9]. The plot can be divided into three distinct regions as elastic deformation, plateau stress 
and densification. The plateau stress, which accounts for the largest strain range of approximately 50%, 
between 4% and 54% strain, has a rather steep slope, indicating a rapid increase in strength of foam 
within this region. The yield strength, measured by using the stress at 0.2% offset strain, is 1.8 MPa. The 
stress of foam increases with increasing foam strain. 
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Fig. 7. The compressive stress-strain plot of open-cell Ag foam with 80% porosity 
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It can be seen that the open-cell Ag foam produced in the present work have a large porosity. The 
porosity has also many levels. The total porosity is estimated to be around 80 vol.%. The major part of 
porosity up to 50 vol.% is made from the disaccharide space holder and the rest is produced from the 
partially reduced Ag2SO4 particles. It is feasible to produce an Ag foam with porosity higher than 90 
vol.% by this method. The foam porosity could be controlled by tailoring the amount of disaccharide and 
the chemical reduction rate and holding time of Ag2SO4, which could have an effect to mechanical 
properties of foam. The investigation of these parameters is a subject of ongoing research. 
4. Conclusion 
Open-cell Ag foams have been produced applying the SDP method. The foams show a unique 
structure of macropores and micropores with the pore morphology replicated from the polygonal 
disaccharide space holder and the partially reduced tetragonal bipyramid Ag2SO4 particles, respectively. 
The micropores are a part of cell struts, forming penetrable channels between themselves and macropores. 
The combination of space, created from both macropores and micropores, results in a large foam porosity 
of 80 vol.%. The foams have a large plateau stress region with a steep slope. The compressive strength of 
foam increases with increasing foam strain. 
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